ABSTRACT Silver nanoparticles (NPs), widely used in the manufacture of various types of consumer products and for medical applications, belong to novel types of materials that pose potential risks to human health. The potential negative effects of the influence of these NPs on reproduction are insufficiently researched. A quantitative assessment of the transfer of metallic silver nanoparticles through the placenta and breast milk was carried out during an in vivo experiment. We used 34.9 ± 14.8 nm in size silver NPs that were stabilized by low-molecularweight polyvinylpyrrolidone and labeled with the 110m Ag radioactive isotope using thermal neutron irradiation in a nuclear reactor. [ 
INTRODUCTION
Advances in the development of nanotechnology and the increase in the volume of production and practical application of artificial nanoparticles (nPs) and nanomaterials (nMs) have led to the belief that in the near future nPs could become a significant source of environmental contamination. Among the most prominent nMs, special attention is focused on the silver nPs that are widely used in various types of consumer products (disinfecting agents, textiles, paint-and-lacquer materials, cosmetics, packaging materials, food supplements) [1, 2] and for a variety of biopharmaceutical applications, including their use as antimicrobial [3, 4] , anti-inflammatory agents [5] and as in vivo molecular nanodiagnostic tools [6] . However, silver nPs should also be regarded as a particular source of risks because of their potential toxicity to humans [7] [8] [9] [10] [11] [12] [13] [14] [15] . this particularly applies to those risks that are associated with the influence of nMs on a child's organism as a result of their possible transfer across the placenta and through breast milk [16] . the possibility of a transfer of the nMs present in a mother's diet or used by her as part of cos-metic products or household chemical products to her offspring cannot be excluded [17] . A quantitative evaluation of such a transfer of nPs is necessary in order to gauge the potential risks of exposure of offspring to the silver nPs in their mother's body and develop appropriate protective measures, including hygiene regulation of consumer products.
However, the very idea of a natural transfer of the nPs entering a mother's body to her offspring has yet to be sufficiently investigated. this is due to the specific methodological difficulties associated with detecting the presence of nPs in biological objects [18, 19] . An analysis of the methods used to detect nPs in biological samples, including electronic and atomic force microscopy, spectroscopic methods, chromatography, the use of fluorescent, spin, stable-isotope and other labels [18] , has enabled to pinpoint the radioactive tracer technique as the optimal method. the latter is strictly quantitative, highly sensitive, and enables a simple and graphic interpretation of the results related to nPs which do not undergo biotransformation and biodegradation in the body -gold, platinum, and silver nPs [20] .
the present work contains a quantitative assessment of the transport of silver nPs through the placenta and breast milk on a model of pregnant and lactating female rats using [ 
ExPERIMENTAL
Experiment design the study was conducted on pregnant and lactating Wistar rats at the clinic of laboratory animals of the Federal State Budgetary Institution "Institute of nutrition" of the russian Academy of Medical Sciences. During the preconception period and throughout the pregnancy and lactation, the females received the standard semi-synthetic diet according to [21] . the gestation period of the females was 20 days following conception; lactation period -on average 10-11 days after the birth of offspring. Pregnant rats received [ 110m Ag]-labeled silver nPs intragastrically through a gavage needle at a dose of 1.69 mg/kg of body weight (three females) and 2.21 mg/kg of body weight (four females) in the form of a dispersion in deionized water containing a non-toxic, non-absorbable in the gastro-intestinal tract (GIt) stabilizer of nPs -polyvinylpyrrolidone (PVP) with a molecular weight of 15-30 kDa. the rats were then placed into individual cages made of polystyrene. twenty-four hours following the administration of the preparation, the rats were subjected to deep anesthesia using diethyl ether, their abdominal cavities were dissected, the rats were bled from the inferior vena cava, and the uterus with fetuses, the liver, and brain were collected. the fetuses were removed from the uterus and thoroughly washed to get rid of the amniotic fluid. thereafter, the fetuses, liver, and brain of the females were placed into vials made of high-purity polyethylene for gamma spectrometry. Precaution measures to avoid contamination of the organs and fetuses of the rats with nPs in other internal organs and blood were observed during sampling.
In the experiment on lactating rats, five female species nursing 9 infant rats each were administered a solution of [ 110m Ag]-labeled silver nPs intragastrically at a dose of 2.11 mg/kg of body weight. the rats were then returned to their individual cages made of polystyrene, where their offspring were located. According to the conditions of the experiment, the possibility of consumption of female excrements (coprophagy) by infant rats was excluded. Forty eight hours after labeling, infant rats nursed by the females were subjected to a lethal dose of diethyl ether by inhalation. they were then thoroughly washed to remove any traces of female excrements from the fur; the skin with subcutaneous fat tissue was removed, and carcasses were placed into vials for gamma spectrometry. the carcasses of the four infant rats were dissected; the gastrointestinal tract, liver, kidneys, spleen, and the remaining carcass were removed. the preparations obtained were placed separately into vials for gamma spectrometry.
Obtaining [
110m Ag]-labeled nanoparticles A preparation of colloidal silver "Argovit" produced by the Scientific and Production company "Vector-Vita," co., Ltd. (russia) was used for the experiments. the preparation is an aqueous dispersion of nPs of metallic silver containing 1.0-1.4% of silver and 18.6-19.0% of PVP by weight. According to electron microscopy data (Fig. 1) , the average diameter of the nPs was 34.9 ± 14.8 nm; the minimum size was 8.4 nm, and maximum size was 80.9 nm; the particle's shape was close to spherical. the preparation was diluted with deionized water at a ratio of 1:11 or 1:47 and sealed in high-purity quartz vials which were then subjected to thermal neutron irradiation (0.005 < en < 0.4 eV) in the vertical experimental canal Vec-9 of the nuclear reactor Ir-8. After removal from the reactor, the vials were kept for 48 hours to reduce the background gamma activity of the short-lived silicon isotope in the vial material, followed by their opening. the contents were pooled, sonicated (5 min, 44 kHz, 40 W) to eliminate secondary aggregation of nPs, and adjusted to a fixed volume using deionized water. A total of 0.04 ml of the dispersion of [ 110m Ag]-labeled nPs was collected, transferred into vials for gamma spectrometry, and adjusted using deionized water to a volume approximately corresponding to the volume of the biological sample (fetus or carcass of the infant rat) immediately prior to the administration to rats, which accounted for 1% of the amount administered to the rats. the resulting sample was used as a reference in determining the biological activity of the samples.
Analysis of samples the activity of the biological samples was measured on a gamma-spectrometer manufactured by canberra company (u.S.) containing a germanium semiconductor detector Gc4018, DSA-1000 analyzer, Genie-2000 -Genie S501, and Genie S502 software. the magnitude of the activity expressed in impulses per second in one of the selected energy ranges of the 110m Ag isotope [22] was converted into relative quantities of the radioisotopic label (µ) in % of the injected dose according to the equation:
, where A p is the bioprobe activity, A r is the activity of the reference sample containing 0.04 cm 3 of the dispersion of the [ 110m Ag]-labeled nPs, and K is the conversion factor representing the ratio between the individual amount of the dispersion of nPs (cm 3 /kg body weight) administered to the females and the average dose obtained by dividing the total volume of the administered dispersion by the total body weight of all female rats in the group.
the concentration of silver nPs in the analyzed samples expressed in ng/g of the sample was calculated with allowance for the individual amount of nMs administered to the female according to the following equation:
where µ is the relative amount of the radioactive label, % of the amount administered to the female rat, D is the administered dose in mg/kg of body weight, F is the female rat body mass in kg, s is the mass of the biological sample in g, and 10 6 is the coefficient of transition from mg to ng.
Application of the relative gamma-spectrometric measurements technique for determining the mass of 110m Ag in the biological samples enabled to exclude the absolute activity (expressed in Bq) from the calculations and use primary raw data of measurements (impulses/ sec), thus, eliminating a number of errors that had occured during the transition from the primary raw data to absolute activity. In this situation, the basic error of measurements is determined by the background values in the selected energy range. For this reason, the concept of minimum detectable activity (MDA) in the form of a limit of quantitative determination, L q , was utilized for assessing the minimum significant level of the 110m Ag counting rate in the samples [23, 24] .
Metrological characteristics of the method
For determining the metrological characteristics we utilized the concept of MDA in the form of the limit of quantitative determination, L q , calculated according to the relation:
where R b is the background counting rate equal to 2.64 × 10 -3 impulses/sec in the applied gamma-spectrometric devices, T is the average measurement time of the sample equal to 3600 sec, and 5.66 is the coefficient with allowance for the confidence interval of evaluation of p = 0.95 and relative statistical uncertainty ± 50%. Accordingly, L q was equal to 4.8 × 10 -3 impulses/sec [23, 24] . With regard to the preparation used, [
110m Ag]-nPs corresponds to the minimum limit of quantitative determination of 2.6 ng of silver nPs. Figure 2 shows the content and the concentration of Ag nPs in rat fetuses 24 hours after intragastric administration of [
RESULTS
110m Ag]-labeled nPs to pregnant females, and Table 1 shows the mean (M ± m) values per each pregnant female rat and for the experiment in general with respect to two utilized doses of nMs. As can be seen from these results, silver nPs were identified in the fetuses of all pregnant females in amounts significantly exceeding the detection limit. the findings are indicative of penetration of silver nPs through the intestinal wall and placenta with subsequent accumulation in the fetuses. comparison with data on the absorption and interorgan distribution of [
110m Ag]-labeled nPs administered intragastrically to male rats at a comparable dose (0.81 mg of Ag/kg of body weight) [20] shows ( Table 2 ) that penetration of Ag nPs through the placenta exceeds the accumulation in the brain by more than 10 times, corresponds to the level in the blood and spleen, and is significantly lower than the accumulation in the liver. the silver nPs content in the liver and brain of pregnant female rats determined in the present experiment ( Table 2 ) did not differ significantly from the values obtained previously for adult males [20] under comparable conditions (P > 0.05; t-Student test).
As can be seen from the data presented in Fig. 3 and Table 3, [ 110m Ag]-labeled nPs administered intraperitoneally to lactating females were detected in the bodies of all 45 infant rats in the litters of five lactating rats. the concentrations of these nPs significantly (100-100-fold) exceeded the limit of quantitative determination.
According to the experimental conditions, such amounts of [ 110m Ag]-labeled nPs cannot be explained by ingestion of female feces containing significant amounts of nPs by the offspring, contamination of the cutaneous covering removed prior to carrying out the gamma-ray spectrometry, and ingestion of the mat contaminated with female rat urine, as the total excretion of silver nPs with urine as follows from the data [20] did not exceed 0.032% of the administered dose of the preparation over 2 days, which was 60 times less than the total amount of nPs detected in infant rats.
As can be seen from Table 4 , the maximum amount of 110m Ag was detected in the gastro-intestinal tract of infant rats; however, significant (well above the limit of quantitative determination) levels of nanoparticles were detected in the internal organs and in the carcasses of the infant rats, which in turn indicates a high level of absorption of nPs in their GIt.
As follows from Table 3 , the total amount of [
110m Ag]-labeled nPs excreted with milk and detected in infant rats was comparable (or exceeded) to the one-time total content of the label in all organs and the carcass of the animal following intragastric administration of the preparation (provided in Table 2 according to [20] ). therefore, there are grounds to believe that the excre- tion of Ag nPs with milk during lactation is one of the major ways of excreting these nanoparticles from the body, which is second only to fecal excretion and is far superior to urinary excretion with respect to quantity. DISCUSSION thus, the concentration of nPs in organs and tissues of the offspring is equal to approximately 0.020-0.040 and 0.030-0.070 µg/g of tissue, respectively, upon administration of Ag nPs at doses of approximately 2 mg/kg of body weight to pregnant and lactating female rats. the doses of silver nPs administered to female rats were relatively high upon conversion to average human body weight (70 kg) and were approximately 140 mg. the possibility of exposure of a human to such quantities of nMs at the same time may occur upon consumption of contaminated drinking water, food products, or abuse of Ag-containing FS. the data obtained confirm directly the feasibility of transfer of silver nPs entering the gastrointestinal tract of the mother to her offspring during pregnancy and lactation. the likelihood of such transport of nPs of various types has repeatedly been postulated as a potential source of risks to the development of a fetus and newborn [16, 17] , although direct experimental evidence for the occurrence of the process is scarce. It was demonstrated [25] that 14 nm in size silver nPs are absorbed in the gastrointestinal tract of adult rats in limited amounts in the course of multiple intragastric administrations over a period of 28 days and are distributed between organs and tissues, including kidneys and the liver. Data on the penetration of silver nPs through the fetoplacental barrier and mammary gland are unavailable; however, results confirming the transfer of similar, with respect to physical and chemical properties, 12-14 nm in size metal nanoparticles made of gold [26] following their intravenous administration to pregnant female mice have been obtained. Penetration of cdSe quantum dots through the fetoplacental barrier after parenteral administration to female mice was described in [27] ; the ability of 50-100 nm in diameter fluorescent polystyrene nPs to penetrate the fetoplacental barrier modeled by a monolayer of human choriocarcinoma cells was demonstrated in [28] . Our data demonstrate that with respect to silver nPs the process is carried out in vivo under conditions of natural route of entry of nPs into a mother's body.
the question arises as to how significant are the concentrations of nPs detected in rat fetuses and infant rats and whether they can pose a hazard to the development and health of the offspring. A relatively substantial amount of data has been accumulated on the biological effects of silver nPs given different ways of in vivo administration. thus, colloidal silver was administered to mice intraperitoneally at extremely high doses approaching 1000 mg/kg [12] . under these deliberately non-physiological conditions, nPs managed to penetrate the hematoencephalic barrier, causing the development of signs of oxidative stress in various regions of the brain. the genotoxic effects of silver nPs administered intraperitoneally at a dose of approximately 1 mg/kg of body weight to mice were demonstrated in [13] . Interpretation of the results of this work was rendered difficult by the presence of toxic surfactants in the nPs preparation -dioctyl sodium sulfosuccinate. the presence of inhalation toxicity by silver nPs in rats was established [14, 15] . Oral administration of this nanomaterial at a dose approaching 30 mg/kg of body weight to rats over 28 days resulted in no signs of systemic toxicity or genotoxic effects in the rats, although silver nPs accumulated in the kidneys and liver of the animals [29] . Significantly higher doses of silver nanoparticles (approaching 1000 mg/kg of body weight) administered orally resulted in the emergence of specific biochemical and histopathological changes indicative of toxicity [8, 29] . the toxic properties of silver nPs rendered important the assessment of the likelihood of toxicity in the offspring of animals subjected to exposure to this substance as a result of transplacental transfer or transfer through milk. the data on the in vitro cytotoxicity of silver nPs obtained under conditions when the concentration of nPs is precisely determined is without doubt of interest. thus, it was demonstrated that silver nPs at a concentration of 5-50 µg/cm 3 damage cultured BrL3A rat hepatocytes [30] . the cytotoxic effects of silver nPs identifiable by the release of lactate dehydrogenase in a mitochondrial tetrazolium test were demonstrated at concentrations exceeding 5 µg/cm 3 in experiments on rat spermatogonial cells [31] . Stimulation of apoptosis in mouse fibroblasts was also observed (using caspase-3 activity assay) at a concentration of silver nPs exceeding 3.12 µg/cm 3 [32] . Silver nPs at a concentration exceeding 10 µg/cm 3 impaired the conductivity for na + ions in cultured cA-1 hippocampal neurons [33] . experiments on mononuclear cells of human peripheral blood [34] demonstrated that silver nPs at a concentration equal to or exceeding 3 µg/cm 3 stim- ulate the production of the tumor necrosis factor-α. A pronounced cytotoxic effect of silver nPs was observed at concentrations exceeding 15 µg/cm 3 . According to [35] , silver nPs coated with PVP or citrate are capable of influencing the differentiation of Pc12 pheochromocytoma cells of neuroendocrine origin. the minimum effective concentration of nPs was 3 µM by silver (approximately 0.3 µg/cm 3 ). Finally, the effects of different in size silver nPs in the primary culture of rat cortical neurons were characterized in [36] . A statistically significant increase in the death of cells cultured for 14 days in the presence of 20 nm in size nPs at a minimum concentration equal to or exceeding 5 µg/cm 3 was demonstrated. the toxicity of nPs decreased with a decrease in size. thus, 40 nm in diameter nPs were only cytotoxic at a concentration exceeding 10 µg/cm 3 . A comparison of the data provided above with the results of our work enables to suggest that the concentration of silver nPs in rat fetuses (not exceeding 50 ng/g of tissue at an administered dose of nPs of approximately 2 mg/kg of body weight, Table 1 ) were 60-300 times lower than the minimum effective concentrations of nPs detected in in vitro systems. However, this estimate does not take into account the possibility of a non-uniform distribution of nPs between the organs and tissues of the fetus. It is known that silver nPs accumulate mainly in the liver and kidneys [20, 25] . If we assume that all nanomaterials accumulate in one of these organs, whose mass at this gestational age is 6.0 and 0.9% of the fetal weight, then we obtain an excessive concentration of nPs in the organs -830 and 5000 ng/g in the liver and kidneys, respectively. the latter value is comparable to an in vitro determined lower limit of a possible cytotoxic effect equal approximately to 3000-5000 ng/g. It should be noted that the dose of nanomaterials administered to the pregnant female rats of approximately 2 mg/kg of body weight was aggravated by a factor of 2,000 in comparison with the upper tolerable level of silver intake in any form (colloidal particles and ions), which is equal to 70 µg or approximately 1 µg/kg of human body weight. It can, therefore, be concluded that the level of accumulation of silver nPs in the organs of rat fetuses subject to certain conditions can be regarded as safe in the event of intake of silver nanoparticles in physiological amounts (e.g., together with drinking water or food supplements). the average level of labeled nPs in infant rats receiving milk feeding was 50 ng/g. Seventy-five percent of this value is attributed to the label detected in the gastrointestinal tract. the content of nPs in the liver amounts to 17.9%, and in the kidneys it amounts to 0.9% of the total amount detected in an infant rat. the mass of organs at this age of development is equal to 3.8 and 1.2% of body weight on average, which implies that the concentration of nPs in these organs is approximately 235 and 38 ng/g, respectively. these values are well below the hypothesized level at which cytotoxic effects can be observed and are indicative of the safety of the intake of nPs by lactating females at the above mentioned, deliberately aggravated dose to the development of the offspring.
therefore, on the basis of the published data it may be concluded that the levels of nPs in the tissues of infant rats and fetuses detected after a single-dose administration of nPs to female rats can be regarded as safe. At the same time, the following must be given due consideration: firstly, the possible accumulation of nPs in the body upon multiple intakes; hence, the level of nPs in the organs and tissues will be higher than upon a single instance of intragastric exposure, and, secondly, partial matching of the conditions during in vitro experiments and in vivo. In particular, the duration of the exposure to nPs in cell cultures amounts to hours, rarely -7-14 days, while in vivo their effects may last for a lifetime. therefore, the study of reproductive toxicity must be recommended during a comprehensive assessment of the safety of novel types of nPs and nMs. the transfer of nPs through the placenta and breast milk should be considered during the development of procedures aimed at maximizing the prevention of exposure of a woman's body to nPs and nMs during pregnancy and lactation.
CONCLUSIONS

It was established that [
110m Ag]-nPs penetrate the placenta and reach breast milk in quantities exceeding the sensitivity of the analytical method used by a factor ranging from 100 to 1,000 upon administration of 110m Ag-labeled silver nPs into the gastrointestinal tract of pregnant and lactating female rats at a dose of approximately 2 mg/kg of body weight.
2. the average level of accumulation of nPs in fetuses was 0.085-0.147% of the administered dose, which was comparable to the accumulation in the liver of female rats (0.3-0.5% of the administered dose) and exceeded the penetration of nPs through the hematoencephalic barrier into the brain of female rats by at least 10-100 times (3.5.× 10 -3 %). 3. In lactating females the total inflow of [ 110m Ag]-nPs into the milk was no less than 1.94 ± 0.29% of the administered dose over a 48-hour period of lactation; no less than 25% of the amount was absorbed in the digestive tract of infant rats.
4. Maximum levels of silver nPs were detected in the kidneys of fetuses upon their administration to female rats at a dose multiplied 2,000 times in comparison with an adequate level of intake of this microelement, where they were not significantly higher than the toxic concentrations established during in vitro experiments; in other cases, the levels of nPs were significantly lower than the effective concentrations. However, considering the possible effects of an accumulation of nPs in the organs and tissues of offspring upon their prolonged intake by the mother, it is recommended to conduct an investigation into the reproductive toxicity of nPs in the course of a comprehensive assessment of their safety.
therefore, for the first time experimental evidence of the transfer of silver nPs from a mother to her offspring through the placenta and breast milk has been obtained.
